Louvaris Z, Zakynthinos S, Aliverti A, Habazettl H, Vasilopoulou M, Andrianopoulos V, Wagner H, Wagner P, Vogiatzis I. Heliox increases quadriceps muscle oxygen delivery during exercise in COPD patients with and without dynamic hyperinflation. J Appl Physiol 113: [1012][1013][1014][1015][1016][1017][1018][1019][1020][1021][1022][1023] 2012. First published August 9, 2012; doi:10.1152/japplphysiol.00481.2012.-Some reports suggest that heliox breathing during exercise may improve peripheral muscle oxygen availability in patients with chronic obstructive pulmonary disease (COPD). Besides COPD patients who dynamically hyperinflate during exercise (hyperinflators), there are patients who do not hyperinflate (non-hyperinflators). As heliox breathing may differently affect cardiac output in hyperinflators (by increasing preload and decreasing afterload of both ventricles) and non-hyperinflators (by increasing venous return) during exercise, it was reasoned that heliox administration would improve peripheral muscle oxygen delivery possibly by different mechanisms in those two COPD categories. Chest wall volume and respiratory muscle activity were determined during constant-load exercise at 75% peak capacity to exhaustion, while breathing room air or normoxic heliox in 17 COPD patients: 9 hyperinflators (forced expiratory volume in 1 s ϭ 39 Ϯ 5% predicted), and 8 non-hyperinflators (forced expiratory volume in 1 s ϭ 48 Ϯ 5% predicted). Quadriceps muscle blood flow was measured by near-infrared spectroscopy using indocyanine green dye. Hyperinflators and non-hyperinflators demonstrated comparable improvements in endurance time during heliox (231 Ϯ 23 and 257 Ϯ 28 s, respectively). At exhaustion in room air, expiratory muscle activity (expressed by peak-expiratory gastric pressure) was lower in hyperinflators than in non-hyperinflators. In hyperinflators, heliox reduced end-expiratory chest wall volume and diaphragmatic activity, and increased arterial oxygen content (by 17.8 Ϯ 2.5 ml/l), whereas, in non-hyperinflators, heliox reduced peak-expiratory gastric pressure and increased systemic vascular conductance (by 11.0 Ϯ 2.8 ml·min Ϫ1 ·mmHg Ϫ1 ). Quadriceps muscle blood flow and oxygen delivery significantly improved during heliox compared with room air by a comparable magnitude (in hyperinflators by 6.1 Ϯ 1.3 ml·min Ϫ1 ·100 g Ϫ1 and 1.3 Ϯ 0.3 ml O2·min Ϫ1 ·100 g Ϫ1 , and in non-hyperinflators by 7.2 Ϯ 1.6 ml·min Ϫ1 ·100 g Ϫ1 and 1.6 Ϯ 0.3 ml O2·min Ϫ1 ·100 g Ϫ1 , respectively). Despite similar increase in locomotor muscle oxygen delivery with heliox in both groups, the mechanisms of such improvements were different: 1) in hyperinflators, heliox increased arterial oxygen content and quadriceps blood flow at similar cardiac output, whereas 2) in non-hyperinflators, heliox improved central hemodynamics and increased systemic vascular conductance and quadriceps blood flow at similar arterial oxygen content. exercise tolerance; near-infrared spectroscopy; cardiac output; quadriceps muscle blood flow; COPD EXERCISE INTOLERANCE IN PATIENTS with chronic obstructive pulmonary disease (COPD) is multifactorial, including the impairment of ventilatory, cardiovascular, and locomotor muscle systems in a highly variable combination (6, 15, 44). Abnormalities in pulmonary mechanics increase the work of breathing; this may potentially limit the available oxygen supply to locomotor muscles (6). In addition, heart compression and intrathoracic hypovolemia consequent to exercise-induced dynamic hyperinflation, as well as decreased venous return due to expiratory abdominal muscle recruitment in the face of expiratory flow limitation, have been postulated to induce adverse effects on central hemodynamic responses by impeding the normal increase in cardiac output during exercise (1, 6, 37, 39 -41, 46, 53).
EXERCISE INTOLERANCE IN PATIENTS with chronic obstructive pulmonary disease (COPD) is multifactorial, including the impairment of ventilatory, cardiovascular, and locomotor muscle systems in a highly variable combination (6, 15, 44) . Abnormalities in pulmonary mechanics increase the work of breathing; this may potentially limit the available oxygen supply to locomotor muscles (6) . In addition, heart compression and intrathoracic hypovolemia consequent to exercise-induced dynamic hyperinflation, as well as decreased venous return due to expiratory abdominal muscle recruitment in the face of expiratory flow limitation, have been postulated to induce adverse effects on central hemodynamic responses by impeding the normal increase in cardiac output during exercise (1, 6, 37, 39 -41, 46, 53) .
There have been several reports demonstrating that, besides COPD patients who dynamically hyperinflate during exercise (hyperinflators), there are also patients who do not hyperinflate during exercise (non-hyperinflators) (2, 3, 23, 27, 54) . Nonhyperinflators recruit their expiratory abdominal muscles more strongly than hyperinflators (3, 23, 54) .
To investigate the potential mechanisms of impairment in exercise capacity, strategies of unloading the respiratory muscles have been extensively employed (8) . Along these lines, replacement of nitrogen by heliox in the inspired gas reduces the work of breathing, as well as the degree of dynamic lung hyperinflation and the intensity of dyspnea, thereby enhancing exercise capacity (14, 21, 34, 47, 48, 58) . Furthermore, studies (14, 35, 36) have shown that lightening the work of breathing by heliox or bronchodilator administration in patients exhibiting substantial dynamic hyperinflation accelerated the cardiovascular response to exercise and slowed the increase in leg muscle deoxyhemoglobin concentration (considered as an index of fractional oxygen extraction). These findings were subsequently expanded by a recent study (58) , which demonstrated that heliox supplementation primarily reduced expiratory muscle activity (as indicated by reduction in peak expiratory gastric pressure) and improved stroke volume and cardiac output (possibly by increasing venous return), as well as systemic, locomotor, and respiratory muscle oxygen delivery, albeit in moderately severe COPD patients not exhibiting exercise-induced dynamic hyperinflation (i.e., non-hyperinfla-tors) with strong expiratory abdominal muscle recruitment. Whether this also occur in hyperinflators, who usually do not strongly recruit their expiratory muscles, is unknown. Exercise-induced dynamic hyperinflation has deleterious effects on central hemodynamics (e.g., heart compression and intrathoracic hypovolemia) (37, 40) . This notion is supported by Jörgensen et al. (31, 32) , who found that, in COPD patients with substantial lung hyperinflation, cardiac performance is impaired due to lower biventricular end-diastolic volumes and increased biventricular afterload. Therefore, mitigation of exercise-induced dynamic hyperinflation during heliox breathing could improve cardiac output by different mechanisms than in non-hyperinflators (i.e., by increasing preload and decreasing afterload of both ventricles) and increase peripheral blood flow and oxygen delivery. Accordingly, we studied COPD patients with different degrees of dynamic hyperinflation and expiratory abdominal muscle recruitment during exercise to differentiate the influence of dynamic hyperinflation from that of expiratory loading on locomotor muscle oxygen delivery during exercise. Since heliox breathing is effective on reducing both lung hyperinflation (14, 36, 47) and expiratory muscle activity (58) during exercise, the primary purpose of the present study was to investigate whether heliox increases locomotor muscle oxygen delivery by different mechanisms, and by the same extent in COPD patients who exhibit dynamic hyperinflation during exercise, compared with those who avoid dynamic hyperinflation, but instead recruit strongly their expiratory abdominal muscles.
MATERIALS AND METHODS
Study subjects. Seventeen consecutive patients (3 women) with clinically stable COPD were recruited specifically for this study, according to the following inclusion criteria: 1) a postbronchodilator forced expiratory volume in 1 s (FEV1) Ͻ 80% predicted without significant reversibility (Ͻ12% change of the initial FEV1 value or Ͻ200 ml); and 2) optimal medical therapy according to Global Initiative for Chronic Obstructive Lung Disease (24) . Exclusion criteria included clinically manifest cor pulmonale, cardiovascular illness, musculoskeletal abnormalities, or other diseases that could contribute to exercise limitation. The study was approved by Athens University Hospital Ethics Committee and was conducted in accordance with the guidelines of the Declaration of Helsinki. Before participation in the study, all subjects were informed of any risks and discomforts associated with the experiments and gave written, signed informed consent.
Experimental design. Experiments were conducted in two visits. In visit 1, patients performed a preliminary incremental exercise test to the limit of tolerance while breathing room air (peak work rate) to establish the work rate corresponding to 75% of peak. In visit 2, patients underwent two constant-load exercise tests at 75% peak work rate to the limit of tolerance (i.e., exhaustion or exercise cessation), where the inspired gas mixture was initially room air and then normoxic heliox (i.e., 79% helium and 21% oxygen). The two constant-load exercise protocols during visit 2 were separated by 120 min of rest. During constant-load exercise, vastus lateralis muscle blood flow [assessed by near-infrared spectroscopy (NIRS) using the lightabsorbing tracer indocyanine green (ICG) dye], as well as cardiac output (simultaneously assessed also by ICG dye dilution) (58) , were measured at rest and at the final minute of the exercise protocol (i.e., at exhaustion or exercise cessation). As endurance time was expected to be significantly prolonged while breathing normoxic heliox (14, 47, 58) , measurements during these tests were also performed at the time point at which exercise in room air was terminated (i.e., at isotime) to detect whether potential differences in quadriceps muscle oxygen delivery could, in part, explain differences in endurance time, while breathing heliox. NIRS was also used to continuously record quadriceps muscle tissue oxygen saturation (%St O 2 ) (22) as an indication of the balance between oxygen supply and demand.
Preliminary testing. In visit 1, the incremental exercise tests were performed on a electromagnetically braked cycle ergometer (Ergoline 800; Sensor Medics, Anaheim, CA) with ramp load increments of 5 or 10 W/min to the limit of tolerance (the point at which the work rate could not be tolerated due to severe sensation of dyspnea and/or leg fatigue; peak exercise data are included in Table 2 ), with the patients maintaining a pedaling frequency of 40 -50 rpm. Tests were preceded by a 3-min rest period, followed by 3 min of unloaded pedaling. The following pulmonary gas exchange and ventilatory variables were recorded breath by breath (Vmax 229; Sensor Medics): oxygen uptake, carbon dioxide elimination, minute ventilation, tidal volume, breathing frequency, and respiratory exchange ratio. Heart rate and percent arterial oxygen saturation measured by pulse oximetry were determined using the R-R interval from a 12-lead online electrocardiogram (Marquette Max; Marquette Hellige, Freiburg, Germany) and a pulse oximeter (Nonin 8600; Nonin Medical, North Plymouth, MN), respectively. Intensity of dyspnea and leg discomfort were assessed using the modified Borg scale (11).
During these tests, patients performed consecutive inspiratory maneuvers to record the inspiratory capacity (IC) to identify these patients exhibiting dynamic lung hyperinflation and those who did not exhibit dynamic lung hyperinflation (42) . Based on the study by O'Donnell et al. (43) , indicating that, at any time point during exercise in COPD, a decrease in IC from baseline Ͼ4.5% predicted (i.e., decrease in peak IC compared with baseline expressed as percentage of normal IC at rest) or Ͼ150 ml is necessary to indicate the incidence of dynamic lung hyperinflation, patients exhibiting a reduction in IC from baseline Ͼ150 ml were classified as "hyperinflators", whereas those not exhibiting such reductions in IC were classified as "nonhyperinflators". Indeed, O'Donnell et al. (43) have demonstrated that the 95% confidence interval of the resting IC was Ϯ0.14 l or Ϯ4.5% predicted in patients with COPD, indicating that reproducibility criteria of within 150 ml is appropriate for testing IC in these patients. Of notion, the 95% confidence interval for peak exercise IC was similar.
Subject preparation. In visit 2, subjects were prepared first with radial arterial and forearm venous catheters for blood flow measurements, and then with esophageal and gastric balloons for assessment of esophageal and gastric pressures. Using local anesthesia (2% lidocaine) and sterile technique, identical catheters were introduced percutaneously into the right radial artery and the antecubital forearm vein, both oriented in the proximal direction. The catheters were used to collect arterial and venous blood samples and also to inject ICG into the venous line and sample blood after each injection from the arterial line for cardiac output and muscle blood flow calculation. The catheters were kept patent throughout the experiment by periodic flushing with heparinized (1 U/ml) saline.
Esophageal and gastric pressures were assessed by thin-walled balloon catheters (Ackrad Laboratories, Crandford, NJ), coupled to differential pressure transducers (MP-45, Ϯ250 cmH2O; Validyne, Northridge, CA). The balloons were inserted by nasal intubation following the application of 2% lidocaine anesthetic gel into the nose and with the assistance of continuous pressure monitoring. Esophageal and gastric balloons were positioned in the middle third of the esophagus and stomach, respectively.
Optoelectronic plethysmography system. End-inspiratory and endexpiratory compartmental (rib cage and abdominal) chest wall volumes during the two constant-load exercise tests were determined by optoelectronic plethysmography (OEP) (54, 56, 57, 58) . In brief, the movement of 89 retroreflective markers placed front and back over the chest wall from clavicles to pubis was recorded. Markers were tracked by six video cameras: three in front of the subject and three behind. Dedicated software recognized in real time the markers on each camera, reconstructed their three-dimensional coordinates by stereophotogrammetry, and calculated volume changes. Ventilatory variables (tidal volume, breathing frequency, and breathing pattern parameters) reported in the paper were those recorded by OEP at rest, isotime, and exhaustion while the subjects were breathing normoxic heliox or room air.
Constant-load exercise tests. In visit 2, during exercise protocols, patients were asked to pedal for as long as possible against the constant load to the limit of tolerance (exhaustion). Exhaustion was defined as the time point in which the patients signaled to stop exercising or could not maintain the required pedaling rate for 10 s, despite being encouraged by the investigators. Before imposing the target load on the bicycle ergometer, patients were asked to perform unloaded cycling for 60 s, reaching and maintaining a cadence of ϳ50 revolutions/min. During exercise in room air, a number of IC maneuvers were performed to confirm the magnitude of dynamic lung hyperinflation (42) . Normoxic heliox breathing was achieved by having subjects inspire from a Douglas bag, containing normoxic heliox, that was connected to the inspiratory port of a non-rebreathing two-way valve by a piece of tubing. The same apparatus was utilized during room air breathing to ensure a blinded strategy of administration of the inspired gas mixture. Recordings of pulmonary gas exchange and ventilatory variables were performed breath by breath as during the preliminary incremental testing. Airflow was measured with a hot wire pneumotachograph (Vmax 229; Sensor Medics) near the mouthpiece, and tidal volume changes were obtained by integrating the flow signal. Before each protocol, pneumotachograph and gas analyzers of the system (Vmax 229; Sensor Medics) were calibrated with the experimental gas mixture. Esophageal and gastric pressures and flow rates were displayed on a computer screen and digitized at 60 Hz using an analog-to-digital converter connected to the same computer used for OEP (OEP system, BTS, Milan, Italy).
Esophageal and gastric pressures were averaged over 30-s breath samples in every minute of the exercise tests. Transdiaphragmatic pressure (Pdi) was obtained by subtracting esophageal from gastric pressure. Tidal excursion in Pdi (⌬Pdi) was taken as peak Pdi during inspiration minus baseline Pdi and considered as a measure of diaphragmatic activity. Peak expiratory gastric pressure was considered as a measure of expiratory abdominal muscle activity.
Arterial blood pressure was measured directly in all subjects through the radial artery (Life Scope i BSM-2303; Nihon Kohden). Blood samples were drawn from the radial artery and antecubital forearm vein at rest and at the final minute of the exercise protocol for measurement of blood gases.
Cardiac output. Cardiac output was determined by the dye dilution method (19) , using known volumes of ICG (ϳ1 ml at 5 mg/ml) injected into the right antecubital forearm vein followed by a rapid 10-ml flush of isotonic saline. Blood was withdrawn from the radial artery using an automated pump (Harvard Apparatus) at 20 ml/min through a linear photodensitometer (Pulsion ICG; ViCare Medical) connected to a cardiac output computer (Waters CO-10; Waters, Rochester, MN) through a closed-loop, sterile tubing system, as previously described (55, 56, 57) .
Quadriceps muscle blood flow and oxygenation by NIRS. To measure quadriceps muscle blood flow, one set of NIRS optodes was placed over the left vastus lateralis muscle 10 -12 cm above the knee, secured using double-sided adhesive tape. The optode separation distance was 4 cm, corresponding to a penetration depth of ϳ2 cm. Optodes were connected to a NIRO 200 spectrophotometer (Hamamatsu Photonics KK, Hamamatsu, Japan), which was used to measure ICG concentration following the same 5-mg bolus injection of ICG in the antecubital forearm vein used for cardiac output assessment (13) . Tissue microcirculatory ICG was detected transcutaneously by measuring light attenuation with NIRS at 775-, 813-, and 850-nm wavelengths and analyzed using an algorithm incorporating the modified Beer-Lambert Law (13, 20, 33, 52), as previously described (26, 56, 57) . Blood flow was calculated from the rate of tissue ICG accumulation over time, measured by NIRS according to the Sapirstein principle (49), as described previously (13, 28) .
Quadriceps muscle oxygenation was assessed continuously throughout the whole testing period by the same NIRO 200 spectrophotometer as used for the measurement quadriceps muscle blood flow. High ICG tissue concentrations during the passage of the dye bolus through the quadriceps muscle may interfere with hemoglobin (Hb) results. Therefore, to avoid any interference between ICG and Hb wavelengths, tissue oxygenation data were averaged over 10 s immediately before the appearance of ICG. The ratio of oxygenated Hb to total Hb was used as an index of changes in quadriceps muscle StO 2 , which reflects the balance between oxygen supply and demand (16, 17, 18, 25, 33) .
Systemic and quadriceps muscle oxygen delivery were calculated as the product of the cardiac output and the quadriceps muscle blood flow, respectively, and arterial oxygen content (Ca O 2 ). Systemic vascular conductance was calculated by dividing the cardiac output by the mean arterial blood pressure.
Blood analysis and calculations. Radial arterial tensions of O 2 (PaO 2 ) and CO2 (PaCO 2 ), Hb concentration, and arterial oxygen saturation (%SaO 2 ) were measured from 2-ml blood samples using a blood-gas analyzer combined with a co-oximeter (ABL 625; Radiometer, Copenhagen, Denmark) within a few seconds of collection. CaO 2 was computed [CaO 2 ϭ (1.34 ϫ Hb ϫ SaO 2 ) ϩ (0.003 ϫ PaO 2 )]. The blood gas analyzer was auto-calibrated every 4 h throughout the day and before each set of measurements. Blood-gas measurements were corrected for patient's tympanic temperature taken during withdrawal of each arterial blood-gas sample.
Quadriceps muscle strength and 6-min walking test. Quadriceps muscle strength was assessed using the maximal isometric voluntary contraction technique of the knee extensors following a standardized protocol (51) . The 6-min walking test was performed according to American Thoracic Society guidelines (9) .
Statistical analysis. Data are reported as means Ϯ SE. The minimum sample size was calculated on the basis of 80% power and a two-sided 0.05 significance level. The sample size capable of detecting between-condition (i.e., air, heliox) difference of 30% was estimated for the change in quadriceps muscle oxygen delivery using the standard deviations from our laboratory's previous study (58) . The critical sample size was estimated to be eight patients per group. During exercise in air, a paired t-test was employed within each group to test whether the magnitude of change from rest to exhaustion was significant. During exercise in heliox, one-way ANOVA with repeated measures was used to identify statistically significant differences across the three time points (i.e., rest, isotime, exhaustion). When ANOVA detected statistical significance, pairwise differences were identified using Tukey's honestly significant difference post hoc procedure. Paired or independent t-tests were employed to compare responses at comparable exercise time point (i.e., isotime; exhaustion) between the two conditions within each group or between the two groups, respectively. The level of significance for all analyses was set at P Ͻ 0.05.
RESULTS
Subject characteristics and exercise capacity. Patients in both groups exhibited moderate to severe airflow obstruction with increased static lung volumes, substantial reductions in carbon monoxide diffusion capacity, and mildly reduced arterial oxygen tension (Table 1) . Hyperinflators were more severely impaired in terms of baseline lung function characteristics. Accordingly, for the group of hyperinflators, one patient was Global Initiative for COPD (GOLD) stage II, six patients were GOLD stage III, and the remaining two were GOLD stage IV, whereas for the group of non-hyperinflators, five patients were GOLD stage II, two patients were GOLD stage III, and one was GOLD stage IV. Hyperinflators also displayed greater airway obstruction, greater static lung volumes, and thus greater resting lung hyperinflation and lower diffusing capacity compared with non-hyperinflators (Table 1) . Hyperinflators and non-hyperinflators had comparable body composition characteristics (Table 1) , as well as functional capacity assessed by the 6-min walking test and quadriceps muscle strength (Table 2) . At the limit of tolerance during the preliminary incremental exercise test, the decrease from baseline in IC was 0.45 Ϯ 0.07 liter in hyperinflators, but only 0.11 Ϯ 0.01 liter in non-hyperinflators ( Table 2 ). The magnitude of dynamic lung hyperinflation was confirmed by the data obtained during the constant-load test in room air, as, at the limit of tolerance, the decrease from baseline in IC was 0.44 Ϯ 0.05 liter in hyperinflators and 0.10 Ϯ 0.02 liter in non-hyperinflators. Moreover, hyperinflators demonstrated worse peak exercise tolerance than non-hyperinflators in the incremental exercise test (Table 2) . Interestingly, both hyperinflators and nonhyperinflators demonstrated comparable improvement in endurance time during heliox compared with room air breathing during constant-load exercise (by 231 Ϯ 23 and 257 Ϯ 28 s, corresponding to 62.9 Ϯ 4.1 and 61.3 Ϯ 5.0%, respectively).
Respiratory muscle kinematics and loading. In hyperinflators, the increase in end-expiratory chest wall volume from rest to exhaustion was 0.47 Ϯ 0.12 liter (Fig. 1C) . Notably, during heliox breathing compared with room air at isotime and exhaustion, there was a significant decrease in end-expiratory chest wall volume (by 0.44 Ϯ 0.09 and 0.41 Ϯ 0.11 liter, respectively; P Ͻ 0.001 for both) (Fig. 1C) , which was attributed to the significant decrease in both end-expiratory rib cage volume (by 0.22 Ϯ 0.01 and 0.19 Ϯ 0.11 liter, respectively; P Ͻ 0.05 for both; Fig. 1A ) and end-expiratory abdominal volume (by 0.21 Ϯ 0.08 and 0.22 Ϯ 0.10 liter, respectively; P Ͻ 0.05 for both; Fig. 1B ). In these patients, peak expiratory gastric pressure did not change from rest during exercise in room air; however, following heliox administration, there was a significant increase in peak expiratory gastric pressure at both isotime and exhaustion (or exercise cessation) from rest (P Ͻ 0.05) (Fig. 2B) . This increase in peak expiratory gastric pressure during heliox breathing is in line with the significant decrease in end-expiratory abdominal volume (Fig. 2B) . Hyperinflators also demonstrated a significant decrease in dyspnea sensations during exercise, at both isotime and exhaustion (or exercise cessation), while breathing heliox compared with room air (P Ͻ 0.05) ( Table 3) .
In non-hyperinflators, end-expiratory chest wall volume from rest to exhaustion in room air decreased by 0.33 Ϯ 0.15 liter (P Ͻ 0.001 vs. hyperinflators; Fig. 1F ). Heliox breathing compared with room air significantly reduced the degree of end-expiratory rib cage hyperinflation at isotime and exhaustion (P Ͻ 0.05; Fig. 1D ), but simultaneously caused a significant increase in end-expiratory abdominal volume (P Ͻ 0.05; Fig. 1E ), reflecting lower expiratory abdominal muscle recruitment. In fact, peak expiratory gastric pressure at both isotime and exhaustion was lower during heliox compared with room air breathing (P Ͻ 0.001; Fig. 2D ). Due to different directions of change in end-expiratory rib cage and abdominal volumes following heliox breathing (Fig. 1, D and E) , end-expiratory total chest wall at isotime and exhaustion was not different between heliox and air breathing (Fig. 1F) . This response of non-hyperinflators to heliox breathing was different from that of hyperinflators who reduced end-expiratory chest wall volume compared with air breathing (by 0.440 Ϯ 0.090 vs. Ϫ0.023 Ϯ 0.011 ml in non-hyperinflators at isotime; P Ͻ Values are means Ϯ SE for 9 and 8 subjects in hyperinflators and nonhyperinflators, respectively. WRpeak, peak work rate; V O2peak, peak oxygen uptake; HRpeak, peak heart rate; V Epeak, peak minute ventilation; VTpeak, peak tidal volume; fpeak, peak breathing frequency; ⌬IC, decrease in peak inspiratory capacity compared with baseline; ⌬IC (% predicted), decrease in peak inspiratory capacity compared with baseline expressed as percentage of normal inspiratory capacity at rest; SpO 2 , arterial oxygen saturation measured by pulse oximetry. *Significant difference compared with hyperinflators (P Ͻ 0.05). Values are means Ϯ SE; n, no. of subjects. FEV1, forced expiratory volume in 1 s; FVC, forced vital capacity; TLC, total lung capacity; IC, inspiratory capacity; RV, residual volume; FRC, functional residual capacity; TLCO, diffusing capacity of the lung for carbon monoxide; PaO 2 , partial pressure of arterial oxygen; PaCO 2 , partial pressure of arterial carbon dioxide; SaO 2 , arterial oxygen saturation. *Significant difference compared with hyperinflators (P Ͻ 0.05).
0.001). The response of expiratory muscle activity in nonhyperinflators to heliox breathing was also different from that in hyperinflators, as non-hyperinflators reduced peak expiratory gastric pressure compared with air breathing (by 8.2 Ϯ 3.1 vs. Ϫ2.5 Ϯ 2.3 cmH 2 O in hyperinflators at isotime; P Ͻ 0.001).
Central hemodynamic responses. During air breathing, the magnitude of increase in heart rate, stroke volume, and cardiac output from rest to exhaustion was not significantly different between groups. At isotime during exercise while breathing heliox, stroke volume (Fig. 3E ) was significantly greater (P ϭ 0.02) compared with room air breathing in non-hyperinflators. In these patients, there was also a tendency (P ϭ 0.08) for cardiac output to be greater with heliox breathing (Fig. 3D) . In contrast, hyperinflators did not exhibit any improvement in stroke volume or cardiac output while breathing heliox compared with room air. In hyperinflators, Ca O 2 was greater (P ϭ 0.03) at isotime during exercise while breathing heliox compared with room air breathing (Fig. 4A) . This led to a significant increase in systemic oxygen delivery with heliox at isotime compared with room air breathing (Fig. 4B) , despite the absence of a significant increase in cardiac output. In non-hyperinflators, heliox breathing did not increase Ca O 2 (Fig.  4D) . However, in this group, systemic vascular conductance and systemic oxygen delivery were greater at isotime (P ϭ 0.03 and P ϭ 0.02, respectively) while breathing heliox compared with room air (Fig. 4, F and E, respectively) . Accordingly, systemic oxygen delivery significantly improved during heliox compared with air breathing at isotime by a comparable magnitude in both hyperinflators and non-hyperinflators as the improvement in systemic oxygen delivery did not differ between the two groups (0.26 Ϯ 0.05 and 0.29 Ϯ 0.06 l/min, respectively) (Fig. 4, B and E, respectively) .
Quadriceps muscle hemodynamic and oxygenation responses. Vastus lateralis muscle blood flow and oxygen delivery, as well as vastus lateralis muscle St O 2 , were significantly greater at isotime during exercise while breathing normoxic heliox compared with room air in both hyperinflators and non-hyperinflators (P Ͻ 0.05-0.001; Fig. 5 ). Moreover, quadriceps muscle blood flow, oxygen delivery, and St O 2 at isotime improved during heliox breathing compared with room air by a comparable magnitude (in hyperinflators by 6.1 Ϯ 1. respectively. Isotime data are those obtained on normoxic heliox at the same time as at exhaustion on room air. *Significant differences (P Ͻ 0.05) from rest. †Significant differences (P Ͻ 0.05) between air and heliox breathing at the same time point of exercise. ‡Significant differences (P Ͻ 0.05) between heliox and air breathing at exhaustion. , and 3.6 Ϯ 0.9%, respectively).
DISCUSSSION
Some COPD patients given heliox to breathe during exercise respond by reduction in dynamic hyperinflation, while others by reducing expiratory muscle activity. This study investigated whether, and if so how, these two strategies are equally effective in enhancing locomotor muscle oxygen availability by comparing patients who exhibit dynamic hyperinflation during exercise and patients who avoid dynamic hyperinflation but strongly contract their expiratory abdominal muscles. The main findings were the following. 1) Alleviation of abnormal pulmonary mechanics by means of heliox breathing increased exercise tolerance and locomotor muscle blood flow and oxygen delivery by a comparable magnitude in patients with or without dynamic hyperinflation. 2) In hyperinflators, heliox reduced end-expiratory chest wall volume and diaphragmatic activity, whereas, in non-hyperinflators, heliox reduced peak expiratory gastric pressure. Values are means Ϯ SE for 9 and 8 subjects in hyperinflators and nonhyperinflators, respectively. V E, minute ventilation; VT, tidal volume; f, breathing frequency; TI, time of inspiration; TE, time of expiration; TI/TT, duty cycle of inspiration. *Significant difference compared with hyperinflators (P Ͻ 0.05) at the same time-point. †Significant difference compared with air breathing (P Ͻ 0.05) in the same group. locomotor muscle oxygen delivery with heliox in both groups, the mechanisms of such improvements were different: in hyperinflators, heliox increased Ca O 2 and quadriceps blood flow at similar cardiac output, whereas, in non-hyperinflators, heliox improved central hemodynamics and increased systemic vascular conductance and quadriceps blood flow at similar Ca O 2 .
Central hemodynamic responses. At isotime during heliox compared with air breathing, only non-hyperinflators increased stroke volume (Fig. 3E) , thereby allowing an ϳ12% increase in cardiac output (Fig. 3D ), albeit not reaching the level of statistical significance (P ϭ 0.08). Nevertheless, at isotime during exercise on heliox, systemic vascular conductance was greater in non-hyperinflators (Fig. 4F) . The increase in stroke volume following heliox administration in non-hyperinflators might be due to the substantial reduction of expiratory abdominal muscle activity reflected by the decrease in peak expiratory gastric pressure (by 8.2 Ϯ 3.1 cmH 2 O) (Fig. 2D) . Indeed, several studies have shown that the development of high positive expiratory pressures decrease venous return and cardiac output, as high abdominal pressures compress the inferior vena cava and interfere with venous return from the exercising leg muscles to the right ventricle, thereby impeding the normal increase in cardiac output (37, 39, 40, 46) . Moreover, the high alveolar pressures during excessive expiratory muscle recruitment during expiration would compress pulmonary blood vessels and thus decrease left ventricular preload (6) . Previous studies in healthy humans have documented that alleviation of artificially imposed expiratory muscle loading allowed a significant increase in cardiac output during submaximal exercise (4, 50) .
Patients experiencing dynamic hyperinflation during exercise on room air demonstrated a substantial reduction in endexpiratory chest wall volume (Fig. 1C) following heliox administration. Dynamic hyperinflation per se has known negative cardiovascular effects, including heart compression that impairs diastolic function (the so-called pneumonic cardiac tamponade) and intrathoracic hypovolemia (1, 31, 32, 39, 41,  53) , that may impede the normal increase in cardiac output , and heart rate (C and F) recorded at rest, at the time of exhaustion on room air (isotime), and at the limit of tolerance on normoxic heliox (exhaustion) while breathing normoxic heliox (o) or room air (OE) are shown. Values are means Ϯ SE for 9 and 8 subjects in hyperinflators (A-C) and non-hyperinflators (D-F), respectively. Isotime data are those obtained on normoxic heliox at the same time as at exhaustion on room air. *Significant differences (P Ͻ 0.05) from rest. †Significant differences (P Ͻ 0.05) between air and heliox breathing at the same time point of exercise.
during exercise. Due to these deleterious effects of dynamic hyperinflation on central hemodynamics, we expected that alleviation of exercise-induced dynamic hyperinflation during heliox breathing would improve cardiac output. However, this was not the case in the present study, and heliox breathing had no effect on stroke volume or cardiac output in hyperinflators (Fig. 3, A and B) , probably because the effects of dynamic hyperinflation per se on cardiac performance are not so prominent (50) . Indeed, our findings are compatible with those by Oelberg et al. (45) and Chiappa et al. (14) , reporting no effects on hemodynamic responses following heliox administration in patients exhibiting similar degrees of dynamic lung hyperinflation on room air during constant-work rate exercise. On the other hand, hyperinflators demonstrated improved Ca O 2 during heliox breathing compared with room air (Fig. 4A) . Such an improvement can be attributed to alleviated ventilation-perfusion mismatch due to increased alveolar ventilation, better lung mechanics (34, 58) , and alveolar hyperventilation consequently to hyperventilation induced by heliox breathing (47) . In nonhyperinflators there was not any change in Ca O 2 (Fig. 4 D) .
This difference between hyperinflators and non-hyperinflators could be attributed to the more beneficial effects of heliox breathing on reducing airway resistance and improving lung mechanics and alveolar and minute ventilation in patients with more severe airway obstruction that is in hyperinflators compared with non-hyperinflators (Tables 1 and 3) . Another reason could be that hyperinflators were more hypoxemic compared with non-hyperinflators at room air (Tables 1 and 3) , and thus the positive effects of heliox breathing on Ca O 2 were more in patients with a larger room to improve.
Quadriceps muscle hemodynamic and oxygenation responses. At isotime during exercise with heliox breathing, we observed improved quadriceps muscle oxygen delivery in both groups (Fig. 5, B and E) . In hyperinflators, this was due to the increases in both Ca O 2 ( Fig. 4A ) and quadriceps muscle blood flow (Fig. 5A) , while for non-hyperinflators the increase in quadriceps muscle oxygen delivery was due solely to an increase in quadriceps muscle blood flow (Fig. 5D) as Ca O 2 remained unaffected (Fig. 4D) . The finding that unloading the respiratory muscles (by using proportional assist ventilation, heliox, or bronchodilators) enhances locomotor muscle oxygen availability has been illustrated or postulated in several previous studies by showing that reductions in the work of breathing are associated with an increase in locomotor muscle oxygenation and performance in patients with COPD (7, 12, 14) . Such effects have been ascribed to redistribution of blood flow from the respiratory to locomotor muscles (7, 14, 29) . In the case of hyperinflators, the increase in quadriceps muscle blood flow might be due to blood flow redistribution from inspiratory (i.e., diaphragm, intercostals, and accessory inspiratory rib cage muscles) to locomotor muscles, as heliox breathing did not improve cardiac output. Accordingly, it is possible that the mechanism of redistribution can be mainly ascribed to lower blood flow requirements of the inspiratory muscles, as during heliox breathing we observed reduced diaphragmatic activity ( Fig. 2A) and decreased end-inspiratory rib cage volume (Fig. 1A) , which may signify reduced activity of intercostals and accessory inspiratory rib cage muscles. On the contrary, in non-hyperinflators, the increase in quadriceps muscle blood flow can partly be attributed to the increase in systemic vascular conductance (Fig. 4F) . In addition, reduced activity of expiratory abdominal muscles during exercise with heliox breathing (Fig. 2D ) may have also contributed to the increase in locomotor muscle blood flow, if redistribution of blood flow from the expiratory muscles has taken place. The improvement in peripheral muscle oxygen availability at isotime during heliox breathing in both groups was associated with improvement in quadriceps muscle oxygen saturation (by 3.4 Ϯ 0.8 and 3.6 Ϯ 0.9% in hyperinflators and nonhyperinflators, respectively; Fig. 5, C and F) . These results are consistent with previous findings showing that unloading respiratory muscles with heliox or bronchodilators or using proportional assisted ventilation increases peripheral muscles oxygenation by de-accelerating the dynamics of muscle deoxyhemoglobin concentration (an index of oxygen extraction) and accelerating whole body oxygen uptake kinetics (10, 12, 14) . In addition, these findings support the value of measurement of , and quadriceps muscle tissue oxygen saturation (C and F) recorded at rest, at the time of exhaustion on room air (isotime), and at the limit of tolerance on normoxic heliox (exhaustion) while breathing normoxic heliox (o) or room air (OE) are shown. Values are means Ϯ SE for 9 and 8 subjects in hyperinflators (A-C) and non-hyperinflators (D-F), respectively. Isotime data are those obtained on normoxic heliox at the same time as at exhaustion on room air. *Significant differences (P Ͻ 0.05) from rest. †Significant differences (P Ͻ 0.05) between air and heliox breathing at the same time point of exercise.
fractional St O 2 as an index for assessing local muscle oxygenation responses during exercise. Technical considerations. In the present study, we assessed changes in both lung and chest wall volumes during exercise to measure dynamic hyperinflation, as assessing decreases in IC by integrating flow at the mouth (spirometry) as an index of hyperinflation measures the volume of gas entering the lungs at the mouth, whereas OEP measures the volumes of the trunk, which includes volume changes at the mouth, but also two other variables, gas compression and decompression in the lungs and blood shifts between the trunk and extremities (38) . Therefore, there is a discrepancy between the two methods used to measure dynamic hyperinflation, and this discrepancy is particularly important in patients who forcefully recruit expiratory abdominal muscles during expiration, thus exhibiting gas compression in the lungs and blood shifts away from the trunk (5, 38) , as was the case in non-hyperinflators of the present study. Indeed, non-hyperinflators during constant-load exercise in room air exhibited a small increase from baseline in end-expiratory lung volume (by 0.10 Ϯ 0.02 liter) when lung volume changes were measured by spirometry, whereas, at the same time, a significant decrease from baseline in end-expiratory chest wall volume (by 0.33 Ϯ 0.15 liter) was measured by OEP. It has been calculated (38) that, for peak expiratory gastric pressures of ϳ22 cmH 2 O at maximal exercise workload [our peak expiratory gastric pressures at exhaustion in nonhyperinflators were even higher, reaching ϳ30 cmH 2 O during air breathing (Fig. 2D)] , OEP would measure an end-expiratory chest wall volume that would be 0.33 liter less than that measured by spirometry. Therefore, strong expiratory abdominal muscle recruitment in non-hyperinflators of the present study adequately explains the observed discrepancy between the two methods used to measure dynamic hyperinflation. In contrast, hyperinflators who did not increase their peak expiratory gastric pressure at exhaustion compared with rest during constant-load exercise in room air (Fig. 2B ) exhibited a decrease in IC from baseline, equivalent to 0.44 Ϯ 0.05 liter, which is in line with the increase in end-expiratory total chest wall volume (by 0.47 Ϯ 0.12 liter) recorded by OEP.
For the tracer method used, we did not correct the input function for dispersion, because the time constant of dispersion for the setting used in our experiments is not known. Iida et al. (30) measured the tracer (O 15 H 2 O) concentration in the left ventricle to obtain the "true" input function, and, by comparison with the measured input function, they estimated time constant to be 5 s. Application of this time constant to our method does not seem reasonable, because the techniques of sampling arterial blood for measurement of the input function are very different. Indeed, Iida et al. (30) , using the same technique, sample arterial blood into tubes at 1-or 2-s intervals, while we continuously draw the blood through the measuring photodensitometer cuvette and measure ICG concentration at a sampling rate of 20 Hz. Thus external dispersion is probably different with the two techniques.
Furthermore, blood flow measurements of main respiratory muscles, i.e., diaphragm or abdominal muscles, to provide evidence of redistribution of respiratory muscle perfusion, were not performed. NIRS optodes cannot be used for measuring blood flow to muscles that are deeply inside the human body (i.e., diaphragm), while placing optodes on the abdominal muscles may result in underestimation of blood flow, owing to potential contribution of subcutaneous tissue and skin to the light-absorption signal.
Conclusions. The present study shows that alleviating abnormal pulmonary mechanics by heliox breathing enhances exercise tolerance and quadriceps muscle oxygen delivery similarly in COPD patients, with and without exercise-induced dynamic hyperinflation (hyperinflators and non-hyperinflators, respectively). However, the mechanisms of improvement in locomotor muscle oxygen delivery were different between the two groups. In hyperinflators, heliox reduced end-expiratory chest wall volume and diaphragmatic activity and increased Ca O 2 and quadriceps muscle blood flow at similar cardiac output (likely by redistributing blood flow from the inspiratory muscles), whereas, in non-hyperinflators, heliox reduced expiratory muscle activity and improved systemic hemodynamics and quadriceps muscle blood flow at similar Ca O 2 . Therefore, strategies aiming at minimizing the negative effects of cardiopulmonary interactions on blood flow distribution and O 2 transport during exercise are useful in COPD patients, regardless of their respiratory system mechanical responses.
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